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SUMMARY

This is the final report for the "Study of Capacitors for Static
Inverters and Converters", The objectives of this study were: (1) To
determine state-of-the-art capacitors for use in aerospace static
inverters and converters: and (2) Determine A.C. characteristics of
thess capacitors to facllitate selection of ratings and limits for siuch
faotors as safe operating voliage, temperature rise, size, weight and
reliability. . :

Investigations were limited to those capacitors suitable for use in
static inverters and converters operating in a space environment with
these ratings:

Inputs 25 to 105 volts, D.C, _ N
Output: 0.1 to 10,0 kilowatts, 115/200 volts, 3 phase, 400 cps

An industry survey, conducted in the early part of this study, indicated
that state-of-the-art capacitors are polycarbonate for film capacitors

and tantalum for electrolytic capacitors, Metallized polycarbonate,
polycarbonate/foil, and metallized paper capacitors were tested to
determine capacitance and dissipation factor variations versus temperature
and frequency. Measurements were taken in ~55°C to +85°C ambients with
excitation frequencies from 0.4 to 10,0 kilocycles and a few measurements
were taken with excitation frequencies extending to 80 kilocycles in a
25°C ambient.

In general, polycarbonate capacitors exhibit capacitance and dissipation
factor value variations of less than half that for metallized paper
capacitors over the temperature and frequency range of the tests,

The small dissipation factors (i.e. power losses) of polycarbonate
capacitors facilitates smaller size and weight capacitors with lower hot
spot temperatures than metallized paper capacitors in some A,C. applica-
tions,
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INTRODUCT ION

Lack of adequate alternating current data and characteristics of paper
and film dielectric capacitors contribute to the difficulty of properly
applying capacitors to aerospace static inverters and converters.
Improper application of capacitors in these equipments could result in
upprecilblt~pcntltisl in weight and reliability factors, both of which
are at a premium in equipment operating in space.

A need fbr the "Study of Capacitors for Static Inverters and Converters"
was influenced by the stringent requirements imposed on capacitors by
the operating nature of the equipment in a space environment and by the
general lack of capacitor 4.C, characteristics and data.

In static inverters, appreciable heat generation within capacitors is
caused by alternating currents from ripple, commutation and output
voltages, Heat tranafer is generally limited to conduction across the
capacitor mounting surface to radiator systems on space vehicles,

The purpose of this study is to obtain the alternating current charac-
‘teristics and data of state-of-the-art capacitors, for application in
aerospace static inverters and gonverters. These characteristics will
facilitate proper selection of ratings and limits for such factors as
safe operating voltage, temperature rise, size, weight and reliability.

State-of-the-art metallized polycarbonate and extended foil polycarbonate
capacitors from several manufacturers were evaluated for capacitance and

dissipation factor variation with temperature and frequency. Evaluation

of 4.C. characteristics for a few metallized paper capacitors was included
for reference purposes, Similarly, a very limited quantity of state-of-

the-art tantalum capacitors was evaluated, because of availability

of adequate A,C. characteristics and data for this type of capacitor,

Capacitor alternating current characteristics were determined by
impedance bridge measurements, Some of these capacitors were also tested
in a calorimeter to measure power losses. Results from these calorimeter
tests were utilized as correction factors for the capacitor dissipation
factor obtained by the impedance bridge., This method of testing,although
more time consuming, is considered more accurate for determining dissipa-
tion factors that were often below the resolution of most commercial
capacitor bridges,
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It is hoped that the commutating capacitor analyses of operation and
losses contained in this report will provide capacitor manufacturers
with a better understanding of this type of application, Capacitance
and dissipetion factor test data presented in this report is expected to
facilitate the proper capacitor selection by equipment designers for
A.C. application in serospace inverter s and converters.




1.0

1.1

Report No. R63SCW-31-5
Page 4

Scope of Study

The lack of adequate alternating current characteristics and
data has caused considerable difficulty for equipment designers
in selection of capacitors for application in static inverters
and converters.

Objectives of this study were: (1) To determine state-of-the-
art capacitors for aerospace inverter applications; and (2) to
determine state-of-the-art capacitor A.C. characteristics to
facilitate selection for the inverter applications.

In accomplishing these objectlives, this study inecluded a brief

-, analysis of commutation capacitors, conduction of an industry

survey for state-of-the-art capacitors and testing of selected
capacitor types. Testing of capacitors was limited to capacitance
and dissipation factor variations with temperature and frequency
and a life test. *

This study was not primarily concerned with capacitor D.C. charac-
teristics. However, one supplier of polycarbonate film lists typical
values of insulation resistance in 25°C ambient of 250,000 megohm-
microfarads and 20,000 megohm-microfarads in 125°C ambient. This
manufacturer also lists a typical dielectric absorption of 0.2% for
polycarbonate as tested in accordance with MIL-C-19978B. Specific
capacitor application requirements such as vibration, shock,

radiation affects and hermetic seals, were not considered within

the scope of this study, but these requirements were used as guidelines
in the industry survey. ’

Discussion of Capacitor Functions

Capacitors in serospace static inverters and converters provide these
basic functions: (1) D.C. Filter; (2) A.C. Filter; and (3)
Commutation. Generally, static inverters that employ silicon controlled
rectifiers as static switches require all three capacitor functions and
inverters using transistors as static switches require only the rilter
functions.

Commutating capacitors in conjunction with commutating reactors

are used for electrical energy storage to effect commutation of load
current from one silicon controlled rectifier to another. The

stored electrical energy in these commutating components furnish
sufficient back biasing voltage to a rectifier that has been conduct-
ing to turn it off when & second rectifier is turned on. The analysis
contained in Appendix A explains this functional operation in more
detail.
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Alternating current filter capacitors are normally required with
reactors in the output circuits of static inverters to shape
voltage and current waveforms from quasi square-wave, caused by
the alternate static switching, to sinusoidal waveforms.
Generally, these inductive-capacitive (L-C) filters employ
capacitors connected in series and in parallel with the load as
shown in Figure 1. '

Direct current filter capacitors are usually employed in input
circuits of static inverters and output eircuits of converters..
Their main purpose is storage of electirical energy and release
thereof for reducing or regulating source voltage variations
from pulse loading.

Aggliggtign Considerations

Environments

Potential environments that capacitors may encounter in aerospace
static inverter and converter applications are major considera-
tions in the selection of capacitor materials. Environmental
conditions, assumed to be representative for a variety of equip-
ment design applications, selected for a state-of-the-art survey
in this study are:

a) Heat Sink Ambient Temperature Range: -55°C to +85°C,

b) Capacitor heat transfer by conduction to heat sink.

¢) Shocks of 35 g's in half sine wave shocks for 0.008 seconds.,

d) Vibration: Sinusoidal

Freguency (CPS) Force or Displscement
5-20 0.3 inches double amplitude
20-100 5 g's
100-500 10 g's
500-2000 15 g's

e) Radiation: 12 5
5 x 107 NVI Faat Neutrons/cm

5 x 10~ RADS (carbon) Gamma Particles

f) Hermetically sealed construction to protect capacitor from
effects of sublimation from temperature-pressure conditions.

B N

Ry ]
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A.C. FILTER CONFIGURATION

Cg - Series Capacitor

Cp - Parallel Capacitor
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Use of these environment considerationa in the survey was
utilized to facilitate the usefulness of this study to equip-
ment designers of aerospace static inverters and converters.

Power Source

Types of power sources considered for the inverters and
converters.are: a) Batteries, b) Solar cells, c) Thermionic
converters, d) Fuel cells, and e) Rotating D.C. generators.

Power source characteristics, particularly voltage regulation,
ripple and transient voltages are important considerations in
selection of capacitors for equipment designs.

Source voltage range used is 25 to 105 volts D.C. However, with
present and near future power sources it appears that source
voltage ranges from 25 to 35 volts, 50 to 65 volts and 90 to 105
volts offer a representative coverage within the range from 25
to 105 volts, These three (3) discrete source voltage ranges
were used for the capacitor survey,

4 second power source consideration is ripple. A peak-to-peak
ripple of plus and minus 10 per cent of the maximum steady state
voltage was chosen as being representative for various applica-
tions of D.C. input filter capacitors, Maximum frequency of the
ripple voltage was considered to be 25 kilocycles and is representa-
tive of other unfiltered static inverter equipment operating from
the same power source,

The third power source consideration is voltage transients.

Removal of loads near the end of a transmission line can cause
transient overvoltage conditions., In this study, transient over-
voltage of 150 per cent for durations up to 100 milliseconds are
considered representative for some aerospace static inverter appli-
cations of D,C., filter capacitors,

Load

Load characteristics, such as transient overvoltage from load
removal and overcurrents are also important considerations in
the selection of A.C, filter capacitors for equipment designs,
Transient overvoltage of 125 per cent of rated voltage for a
duration of 5 cycles of the rated 400 cycle base was chosen to
be representative of equipment applications., Overcurrents of
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twice-rated load current for 5 seconds was also considered
representative of equipment applications. However, output
inductive-capacitive (L~C) filter configurations and power
factor of the load during overcurrent conditions have a
relationship to the peak currents and voltages of the capacitors.
Two (2) rated rms voltage values were selected for the capacitor
survey. These are 135 and 270 volts rms, 420 cycles. Dielectric
voltage rating for these capacitors were chosen to be 600 and

1000 -volts respectively to accommodate peak tmnsient voltage

conditions. The 420 cycle rating was chosen to provide adequate
margin from overheating during inverter operation at 400 + 20
cps.

Three (3) discrete output ranges within the 0.1 to 10.0 kilowatt
output power range for the static inverters considered were:

(1) 0.1 to 0.5 kilovatts; (2) 0.5 to 2.0 kilowatts; and (3) 2.0
to 10,0 kilowatts.

Selection of Capagitor Values for an Industry Survey

Commutat Capacitors

Analysis of the operation of commutating capacitors and design
experience with static inverters has shown that a relationship
exists between the value of capacitor and characteristiecs of

the static switching device. The characteristics of the switching
device that enter this relationship to capacitor value are magni-
tude of load current flowing through the switching device at the
end of each half cycle (1.e., start of commutation) and device
turn-off time.

Four (4) silicon controlled rectifiers, with current ratings that
are capable of handling the inverter power output range in this
study, were chosen for sizing the commutating capacitors. Turn-
off times for these silicon controlled rectifiers are either vendor
guaranteed or test selected by vendor. Values of current flowing
through the silicon controlled rectifiers at the end of the half
cycle are based on safe thermal limits for these devices for 180
degree conduction angles.

The design equations used for sizing the commutating capacitors
are: .

C=522It 00 ; I,=137I,E

Emin. Emin.
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Where I, is current flowing through the silicon controlled
rectifier at the end of the half cycle, t e is turn-off
time for the rectifier, Emax. and Epin. are maximum and
minimum steady state source voltages respectively and Ip
is peak amperes capacitor current.

These equations are derived in Appendix A of this report.

Commutating capacitors, selected from the analysis, shown in
Appendix A, for the survey were: C

Capacitance (mfd) D.C. Voltages
5 35, 65 and 105
15 35, 65 and 105
50 35, 65 and 105

These capacitance values, when used singly or in multiples,
are capable of covering the inverter output power range for
this study.

A.C. Filter Capacitors

Inverter output voltage is 115/200 volts, 400 cycles per second.
Filter capacitors comnected in parallel with the load, as shown
in Figure 1, have voltage ratings consistent with the load
voltage. Voltage ratings of filter capacitors connected in series
with the load or reactors are dependent on inverter waveforms,
filter design and load currents.

The following capacitors were selected for the survey:

Capacitance (mfd) BMS Voltage
1-3 135 and 270
8-10 135 and 270
5060 © 135 and 270

These capacitance values, used singly or in multiples will
accommodate many equipment designs within the output power
range of this study.

D.C. Filter Capacitors

Discrete source voltage levels, establish voltage ratings of the
input filter capacitors. Two (2) capacitance ranges were
selected for the survey:

WRETE T M L e
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Capacitance (ufd Voltages
1000-1500 35,65 and 105
10,000-15,000 35,65 and 105

These capacitance values, or multiples thereof, will accommodate

many equipment designs within the inverter and converter ratings
for this study.

2.0 Cagécitor Sufvey

Filter and commutating capacitor specifications, similar to the
one contained in Appendix A for commutation capacitors, were
submitted to a large number of capacitor manufacturers as a part
of the industry survey. Requests to these manufacturers to
furnish technical and cost proposals to these specificatlons
resulted in formal proposals from six (6) manufacturers and
incomplete proposals from five (5) additional manufacturers.

From the responses to the survey and visitations to five (5)
capacitor manufacturers, it was apparent that polycarbonate

capacitors were considered state-of-the-art for film capacitors
and tantalum for electrolytics.

2.1 Results of Survey

Commuteating Capacitors

The following four (4) types of capacitors were recommended by
capacitor manufacturers for the commutating cepacitor applications:

) Metallized polycarbonate film
) Polycarbonate film and foil

) Paper-Mylar* and foil

) Paper and foil

oW

The evaluation criteria variations encountered in the survey
were:

*Trademark of the E. I. Dupont Company

N
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1) Volume to capacitance ratio of:

0.22 to 1.85 in33/ufd for the 35 and 65 Volt ratings
1.05 to 4.8 in °/ ufd for the 105 Volt rating

2) Weight to capacitance ratio of:

0.015 to 0.18 pounds/ufd for the 35 and 65 Volt ratings
0.058 to 0.34 pounds/ufd for the 105 Volt rating

3) Volume to energy storage ratio of:

Lh.5 to 411 in 3/joule for the 35 and 65 Volt ratings
85 to 374 in 5/joule for the 105 Volt rating

A, C, Filter Capacitors

Capacitof manufacturers recommended the following four (4) types
of capacitors for the 4.,C. filter capacitor applications:

4) Metallized polycarbonate film

B) Polycarbonate film and foil

C) Paper-Mylar and foil

D) Paper and foil

Evaluation criteria variations encountered were:

1) Volume to capacitance ratio:

0.21 to 5.35 in_J/ufd for the 135 V rms ratings
0.5 to 7.65 in 2/ufd for the 270 V rms rating

2) Weight to capacitance ratio:

0.018 to 0,33 pounds/ufd for the 135 V rms ratings
0.035 to 0.535 pounds/ufd for the 270 V rms rating

3) Volume to energy storage ratio:

10.3 to 29.6 in_2/joule for the 135 V mms ratings
6.5 to 15.6 in 7/joule for the 270 V rms rating

D R L AN
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D,C, Filter Capacitance

Recommendations for the D,C, filter capacitor applications
included three (3) types:

4) Sintered tantalum
B) Tantalum foil

C) Polycarbonate film

Reservations concerning the specified peak to peak ripple
voltage of 10 per cent of the D.C, voltage ratings accompanied
many of the manufacturer's recommendations for usage of tantalum
electrolytic capacitors, '

Slightly different evaluation criteria are used for the D.C.
filter capacitors, The volume and weight to volt-capacitance
ratios were favored because the volume to capacitance for
electrolytics varies approximately with voltage, Film capacitors
have broad discrete steps of vglume and weight to volt-capacitance
ratio,

The volume to voltage capacitance ratios determined from the
survey for these types of capacitors were:

Type Cubic Inches/Volt-Microfarad
125°C, Tantalum porous anode 3.0-4.0 x 1072
1250C, Tantalum foil 11.,0-13,0 x 10~
Polycarbonate film 100-185 x 10~

Only 125°C tantalum capacitors were considered in the survey to
facilitate temperature derating for reliability purposes.

The effective series resistance (ESR), in 25°C ambient and with
120 cycle/second voltage, is within the same order of magnitude
(i.e., 1 to 10 ohms) for both types of tantalum capacitors, The
ESR of polycarbonate film capacitors is at least one order of
magnitude smaller than the tantalum electrolytics.

Weight to voltage-capacitance ratio for these three types of
capacitors are:

o T NI
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iype Pounds/Volt-Microfarad
Sintered Tantalum , 2.5-10.0 x 10-2
Tantalum Foil 5,0-16.8 x 10:6
Polycarbonate Film 87.5-265 x 10

Volume to energy storage ratio variations are:

- Ivpe ... .. . Cubic Inches/joule
‘Sintered Tantalum - 0.8 to 1.8
Tantalum Foil ' 0.75 to 4.06
Polycarbonate Film 445 to 120.0

Selection of Capacitors for Experimental Testing

Capacitor selection for experimental tests was based on the
following considerations:

a) Low volume and weight to capacitance ratios
b) Low dissipation or power factor

c) Adequate temperature capability to enable temperature
derating for reliability purposes

Although the capacitor survey was conducted with specifications

for several ranges of capacitances and voltages, economies could

be realized by selecting commutating and 4.C. filter capacitance
values of 1 to 5 microfarads for the experimental tests, Packaging
of larger capacitance values will be influenced by the power

factor of the capacitor, frequency, voltage waveform, materials

and physical environmental requirements,

Copmutating snd 2,C, Filter -

Metallized polycarbonate film capacitors having capacitance
values of 1, 2, 2.5 and 3 microfarads with D,C. voltage ratings
of 200, 300 and 400 volts were selected from four (4) manufac-
turers,

Polycarbonate film and foll capacitors having capacitance values
from 1, 2, 3 and 5 microfarads with D.C, voltage ratings of 150,
200, and 400 volts were selected from four (4) manufacturers.

R 7 S I CYUR WIS
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Metallized paper capacitors with capacitance values of 2 to 3
microfarads and D.C. voltage ratings of 200 and 400 volts were
selected from two (2) manufacturers,

Other film type capacitors that were not selected for experi-
mental test evaluation are:

4) Teflon*--These capacitors have adequate temperature capabi-
© 1ities and low dissipation factors but the size, weight and
cost penaltles compared with polycarbonate or paper capaci~
tors offset any advantages. ‘

B) Mylar--Capacitors of this type are comparable to the size
and weight of polycarbonate capacitors but have appreciable
power factors between 85°C and 125°G.

C) Polystyrene—-These capacitors have characteristics that are
comparable or better than polycarbonate capacitors except
for the temperature limitation of 85°C,

D,C, Filter

Since tantalum electrolytic capacitors are considered state-of-
the-art and 4.C. characteristics for these capacitors are generally
known, only a very limited quantity of sintered and foll types

were obtained for reference evaluation.

Sintered tantalum capacitors selected have ratings of 22 micro-
farads, 100 volts D.C., 125 c.

Tantalum foll electrolytic capacitors were selected with ratings
of 36 microfarads, 150 volts D.C., 125°C.

Voltage ratings greater than 100 volts D.C. for sintered tantalum
electrolytics are available by series element arrangements with .
associated penalties in size and weight.

Aluminum electrolytics were not considered because of the 65°C and
85°C temperature rating limitations,

Tubular Film Cgpacitor Comparisons

A comparison of tubular capacitor sizes and weights by type is
presented in Table I, In the 400 VDC ratings, the ratio of the

*Trademark of the E, I, DuPont Company

o TUTE AT 2T e gy
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Tabulation of Tubular Film Capacitor Sizes and Weights

Capacitor
Identification Rating Vol/Cap  Average Wegt/Ca
No, 400 VDC 200 VDC Type (in%u@ Vol,/uF/Type .1LJJ;§
14-1E 1 uF MPC 0.91 .063
24-2E 2 uF MPC 0.94 0.93 062
34-3E 2.5 uF MPG 1.03 .059
5A-5E 2 uF MPC .84 053
7A-TE 2 uF MP .89 0.80 .064
84-8E 2 uF MP .71 .052
94-9E 1 uF PCF 2.06 2.06 J145
124-12E 3 uF MPC 0.35 .023
13A-13E 3 uF MPC 0.28 .018
14A-14E 3 uF MPC 0, 56% 0.29 .036
154-15E 3 uF MPC 0.24 .017
LA-LE 2 uF MP 0.22 .018
16A-16E 3 uF MP 0.21 0.21 .016
10A-10E 2 uF PCF 0.93 0.93 069

MPC - Metallized Polycarbonate
Key: MP -~ Metallized Paper
PCF - Polycarbonate/Foil

TABLE I

*Omitted in the Average Vol

figure

/..t fm

/ur/iype
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average volume/capacitance of metallized polycarbonate to
metallized paper capacitors is 116 percent and similarly the
ratio for the 200 VDC ratings is 138 percent. This 22 percent
increase in volume/capacitance ratio from the 400 VDC to the
200 VDC ratings may be attributed to a minimum polycarbonate
film thickness availability limitation,

The volume/capacitance ratio between polycarbonate/foil -and
metallized paper capacitors is 250 percent for the 400 VDC
ratings and 450 percent for the 200 VDC ratings., From these
large ratios, it appears that the foil thickness may approach
the polycarbonate film thickness,

The pounds/ capacitance for metallized polycarbonate is approxi-
mately the same as for metallized paper capacitors, Larger
physical size of the polycarbonate capacitors, compared with
metallized paper, account for the larger pounds/capacitance
figure,

T
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Capacitor Experimenta] Tests and Results

Three (3) types of capacitor tests were conducted during this
study: (1) Capacitance and dissipation factor; (2) Commutating -
capacitor; and (3) Life.

Capacitance and dissipation factor test data were obtained as

a function of frequency and temperature for metallized polycar-
bonste, metallized paper, polycarbonate/foil and tantalum
electrolytic capacitors, Commutating capacitor tests were
conducted with a metallized polycarbonate capacitor and an analysis
of the capacltor power losses was made utilizing data obtained

from the capacitor and dissipation factor tests. 4 life test of
the three types of capacitors was conducted for 1000 hours in an
85°C ambient and 370 hours in 125°C ambient.

Capacitance gnd Dissipation Factor Tests and Results

Capacitance and dissipation factor values for polycarbonate and

pager capacitors were determined for a temperature range from

-55°C to +85°C and frequency range from 0.4 to 10 kilocycles with
sinusoidal waveforms.

Tests

Capacitance values were measured with an impedance bridge
constructed for these tests., Thls bridge was constructed with
components and interconnections to facilitste a minimum of stray
and unknown capacitances and inductances over the frequency range.
An elementary diagram of this type bridge is shown in Figure 2.
Capacitance values measured with this bridge compared favorably
with values obtained with a General Radio Model 716-C and Sprague
Model 1W2 capacitance bridges.

Capacitor dissipation factors measured with the impedance bridge.
were considered comparative data that required adjustment with
data obtained from calorimeter heat loss measurements, Adjustment
of these dissipation factor data was necessary because unknown

and stray capacitances of the bridge were still appreciable in

the frequency range of interest.
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Elementary Diagram of Impedance Bridge

Rl = 99,7 OHMS; CS = ,01 MFD., GEN. RADIO STD. 14C9L
CX - Capacitor under test
RC - Adjustable resistance (switch, fixed resistors and a potentiometer)

RD -- Adjustable resistance (switch, fixed resistor and a potentiometer)
AMP, - Battery operated, single stage, transistor amplifier
M - Meter, Harmonic Wave Analyzer - used as null detector

Dissipation Factor = Rex = RD = RD(CS)w
XCX XCS

Where ch is the effective resistance of ca| .citor under test.
Capacitance: Rl = ng CX = CS (RC)

. Rl
RC X.q

Figure 2
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Use of the calorimeter was made in measuring the rate of heat
being generated from a capacitor immersed in a fluid and observing
the rate of temperature rise. Calibration of the calorimeter is
accomplished by mounting a known value of resistance to the
capacitor surface within the calorimeter and measure the direct
current flowing in the resistor while observing the rate of
temperature rise of the calorimeter fluid., Caution was exercised
to measure the rate of temperature rise after the thermal inertia
had been overcome., o

Calculatioﬁ of the heat input to the calorimeter may be obtained
from calibration with known heat input rate:

I°R = Watts = °C/minute

After calibrating the calorimeter, the capacitar is energized
from a variable frequency power supply with sinusoidal voltage.
Capacitor dissipation factor (D.,F.) is obtained from measurements
of the RMS voltage across the capacitor and rate of temperature
rise of the calorimeter fluid and by use of the following calcu-
lations:

D.F. = Watts ( A9C/At/calibratior &°C

At
va
2
Euwc
Shown diagramatically
E = Capacitor rms voltage
VA C = Capacitance:
./ Note: Since the angle alpha (o¢) is generally
small, the dissipation factor is
essentially equal to the capacitor

power factor,
Watts

Care was exercised to minimize the calorimeter heat loss rate

by maintaining the calorimeter fluid temperature within + 2°C of
the calorimeter external ambient (24 - 26°C within the enclosure),
Maintaining the calorimeter fluid temperature relation to the
ambient was accomplished by replacement of the fluid between tests,
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The calorimeter fluid quantity was kept constant during the tests
by utilizing weight measurements when replenishing the fluid.

A picture of the test equipment used is shown in Figure 3. Figure
4 shows the mounting of a capacitor, calibrating resistors and
thermometer to the top of a commercially available vacuum bottle,
which was used as a calorimeter. The calorimeter shown in Figure 3
is in an enclosure to prevent room air currents from striking the -
external surfacés of-the calorimeter that could alter the heat

loss rate from the calorimeter. '

Testing of the tantalum electrolytic capacitors was limited to
bridge measurements in ambient temperatures from -55°C to +85°C
and frequencies from 120 to 1200 cps.



FIGURE 3
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Results

Capacitance and dissipation factor test data in 25°C ambient for
twenty (20) metallized paper, forty-five (45) metallized
polycarbonate and twenty-four (24) polycarbonate/foil capacitors
are contained in Tables Bl through B3 in Appendix B of this report.

The average of the percent capacitance change versus frequency, data
from Tables Bl through B3 is shown in-Figure 5. At 10 kilocycles
the average capacitance variation of metallized paper is 1.68
percent compared to a 2.95 percent average for metallized
polycarbonate and a 3.85 percent average for polycarbonate/foil
capacitors. The lower capacitance variation with frequency of
metallized paper capacitors in 25°C ambient is attributed to the
longer established quality control of materials and techniques

in comparison to the relatively new polycarbonate capacitors.

The average of the percent dissipation factor versus frequency
data from Tables Bl through B3 is shown in Figure 6. In general,
the average of the dissipation factor for polycarbonate/foil
capacitors 1s one-half the value of metallized polycarbonate and
one quarter the value of metallized paper capacitors.

Capacitance and dissipation factor test data versus temperature
and frequency in Tables B4 through Bé are shown in Figures 7 and
8 respectively. Capacitance change “with temperature and
frequency shown in Figure 7 for metallized paper capacitors is
12 percent, for polycarbonate/foil,it is 5.5 percent and for
metallized polycarbonate,it is 3 percent.

Dissipation factor variation with temperature and frequency varies
from 0.03 to 0.46 percent for polycarbonate/foil, 0.55 to 1.23
percent for metallized polycarbonate and 0.16 to 1.93 percent for
metallized paper capacitors as shown in Figure 8.

Some test data as indicated are excluded from the presentation
in Figure 8 because these data exhibited excessive variation and
were not considered representative.

Dissipation factor test data were obtained from two (2) metallized
paper, {.ur (.4) polycarbonate/foil and tiree (3) netallized
polycarbonate capacitors over an extended frequency range in 25°C
ambient. These data, obtained with calorimeter measurements are
shown in Figure 9. Generally, the dissipation factor for all three
(3) types of capacitors increase 100 percent between 10 and 50
kilocycles.

TN R
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Commutating capacitors are often subjected to ripple frequencies
in this range in static inverter. Such ripple frequencies can
be caused by minor resonances between inductive and capacitive
compenents.

Capacitance and dissipation factor test data for sintered and
feil tantalytic capacitors versus frequency and temperature are
shown in Table B7.

The decreasing capacitance characteristic with decreasing

temperature and increa31n§ frequency is & maximum of 12.65

percent from -25°C to +85°C and 120 to 1200 cps as shown in Table

B7. However,; capacitance change variations of 59.6 percent and

29.8 percent maximum for 51ntered and fcil capacitors; respectively,
over a temperature range for -55°C to +85°C and 120 to 1200 cps were

measured. Similarly, the dissipation factor increases with decreasing
temperature and frequency, within the frequency rsnge of the tests

as shown in Figure 10. These data and physical data comparisons shown
in section 2.1 of this report are primarily for reference purpcses.

Commutating Capacitor Test and Results

A method of correlating capacitor losses, while operating in
commutating circuits, to capacitor losses measured with more
conventional test equipment and sinusoidal voltage was sought in
this study.

Test

A 2.5 microfarad, 500 VDC metallized polycarbonate capacitor was
mounted in a calorimeter and it's dissipation factcr determined
utilizine sinusoidal voltages over a frequensy range from 400 cycles/
second to 50 kiloeycles in a 25°C ambient.

While mountied in the calorimeter, the capacitor was then connected

to a static inverter and operatad a8 a commutation capacitor. The
capacitor heat loss was valculated from the calorimeter heat measure-
neants. Calibrated oscilloscope plrtures of the capacitor voltage

and current waveforms were obtained during this test for use in analysis
of the cwpacltor losces.
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Results

The dissipation factor of the commutating capacitor versus
frequency characteristic is shown in Figure 11. It should be
noted that the dissipation factor for this capacitor is much
greater than for the polycarbonate capacitors shown in Figure 9
but the results of the test are valid.

Actusl commutatirng capacitor losses while operating in the inverter
eircuit were 0.91 watts. Capacitor voltage and current waveforms,
during this test, are shown in Figure 12. The encircled portions
of the waveforms in Figure 12 were subjected to analysis to
determine the RMS voltage and currents. A detailed wave analysis
was considered necessary because the waveforms contained a
significant amount of ripple.

Evaluating the rms volt-amperes of the encircled portions of the
commutating capacitor waveform was accomplished as follows:

1) Voltage and current values from expanded portions of the wave-
forms as shown in Figures 13 and 14 were scaled at 5 micro-
second ordinates as illustrated in Figure 13. These scaled
values were squared and replotted as squared voltage and
current curves.

2) A polar planimeter was then Bsed to measure the_areas under
these new curves (i.e. volt“-seconds or ampere2—seconds).

3) The areas under the squared voltage and current waves were
divided by the 400 cycle/second time base and the square root
of the resultant was taken to obtain RMS values of the voltage
and current.

4) An assumption was made that the commutating current pulse

conformed to a quarter sine wave function during an interval
of 47.5 microseconds and had a peak value of 10.2 amperes.
It was also assumed that the voltage function during this time
interval conformed to a cosine function. From these assumptions,
RMS voltage and current values were calculated for smooth wave-
forms as shown in Figure .15.

5) The RMS values obtained in 4) above were subtracted from those
obtained in 3) above. The difference between these RMS

voltage and current values was attributed to the ripple frequency.
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RMS CTURRENT AND VOLTAGE FOR COMMUTATIOR PULSE

T 3
=, 5 ', ,
1, - )y t, |
RMS CURRENT CALCULATION RMS VOLTAGE CALCULATION

t,=47.5usec ; T=1256 USEC ; £ =400CPS ; fam= 528K
We = 2Mfo | W = 2T o

T t'
T'ims = [ 2t Eims « A €44t
LaTs sm w&% @ * Ep(i-cot mt)
2 2, \ 8 o~
Lrms = I%U)o f (sm"b)mf)# E'ams '_E-%_-“-)& (l-ZcosUJmf+CoS’“dmf)dt
=Tpuwe [T, 2 2 Epulft- 2 swibts L
_p;,r__[z &“sm Uktf“ t .&\Sdl«kf 'Evkk&hzd“fl
z Igz W = Ep iy (0.75 - 0, 435>z 0114-Ep o
4 W Uhm Wen
Twms = 013815 Enms < 0.093 £,
Ip=r02 Ep= 127 |
Trms = 0.128(10.2): 1.4  Enms =0.003(27) = 1.8 |

FIGURE 15
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From Figure 13, the commutation current pulse duration is 47.5
microseconds. The shape of this pulse approximates a quarter
sine wave with a frequency of

f=1=1 = 5.28 kilocycles
4t 4(47.5)x10-bsec

The shape of the voltage waveform during the commutation current
pulse interval is cosinusoidal. The RMS volt-ampere for these
wave functions during the commutation interval is derived in
Figure 15 and numerically is 16.6 volt-amperes.

The sums of the squared volt-second and ampere-second values from
the waveform, a portion of which i1s shown in Figure 13, are:

(1) 4,505,217 Volt®usec = 1820 volt?
2500 usec

(2) 6646 ampR-usec = 2.655 amp2
2500 usec

Vrms = 1820 = 42.6 volts

Imms = 2.655 = 1.63 amps

The capacitor loss from the commutation pulse with an equivalent
5.28 kilocycle frequency is calculated using a dissipation factor
of 1.85 percent for 5.28 kilocycles in Figure 11, 1l.41 amperes rms
and 11.8 volts rms in Figure 15:

VI (D.F.) = (11.8) (1.41) (.0185) = 0.307 watts

Subtraction of the rms volt-amperes of the commutation pulse from
the rms voltage and current totals yleld the rms volt amperes of
the ripple:

42-6
1.63

11.8 = 30.8 Volts rms
1.41 = 0.22 amps rms

The product of the RMS voltage and current of the ripple and the
capacitor dissipation factor determined with sinusoidal voltages
at the ripple frequency ylelds:

(1) Dissipation Factor from Figure 11 for 80
kilocycles = 8.9%

(2) VI (D.F.) = (30.8) (0.22) (.089) = .603 watts
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The sum of the watts attributed to the ripple and commutating
pulse is:

0.307 watts (commutation pulse)

0.603 watts (ripple)

0.91 watts
The measured commutation capacitor loss in the calorimeter was 0.91
watts and g favorable agreement was achieved with the analysis above.

Life Test and Results

Description

A total of fifty (50) capacitors were subjected to life test of 1000
hours in 85°C ambient while energized with 420 cps voltage. This test
was conducted to determine if the capacitors could withstand AC peak -
voltages equivalent to the DC voltage ratings with the exception of
capacitors having DC voltage ratings above corona starting voltage

region of 325-340 volts. Corona starting voltage is the voltage level
at which ionizing of air or gases entrapped between layers of the dielectric
roll takes plasce. These ionized gas pockets create hot spots that can
progressively deteriorate the dielectric. Fifty (50) capacitors (33
metallized polycarbonate, 12 polycarbonate/foil and 5 metallized paper
capacitors) were mounted on the inner walls of a sealed aluminum box,
shown in Figure 16, The surface of the sluminum box was maintained at

a temperature of 85 13°C for the duration of the test. Figure 17 illus-
trates instrumentation and indicating lights in parallel with fuses that
were in each capacitor circult as illustrated in the elementary diagram
in Figure 18.

Ratings of the fuses in series with the capacitors were selected to be
approximately three (3) times the rated capacitor current. Detection
of a shorted capacltor during the test was by observation of the indica-
tor lights thet were on, indicating the fuses that had open ecircuited.

Capacitors that may have failed in an open circuit mode only would have
been detected when capacitance and dissipation factor data were taken
al the conclusion of the test.

Capacitors with 300 and 400 VDC ratings were energized with 325 volts
peak. Capacitors with 200 VDC ratings were energized with 212 volts
peak. The 135 and 157 volt DC capacitor ratings were energized with
162 volts pesak.
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The 325 volt peak limitation was maintained to prevent damage tec
the capacitors from corona.

A strip chart temperature recorder shown in Figure 17 was used to
continuously monitor the temperature of the aluminum box contain-
ing the capacitors. The 420 cps voltages were recorded twice
during each normal working day during the test. An elapsed time
indicator was energized from the 420 cps voltage source to indicate
total test timse.

Capacitance and dissipation factor data was measured before and
after the 1000 hour 85°C ambient test to determine load-life
characteristics. Survivors of the 1000 hour life test in 85°C
ambient were placed in a 125°C ambient and the life test was
continued for 370 hours.

Results

There were thirteen (13) capacitors out of fifty (50) that failed
by short circuiting during the 85°C ambient test.

Capacitors 3,4,5,411 in Figure 18 developed short circuits upon
step application of the 230 volt RMS, 420 cps power. This step
application of power resulted in two (2) 350 V RMS transients and
three (3) 280 V RMS transients from resonant effects between
the capacitors and the transformer inductance.

Capacitors 20, 21, 23 and 30 in Figure 18 developed short circuits
upon being energized.

The following cepacitors developed short circuit during the life
test as tabulated:

- Gapacitor No. Hours to Failure
13 234.7
32 362.7
12, 33 474.8
3l 666.7

The capacitore that failed during this test were from one (1)
capacitor manufacturer. The fifty (50) capacitors subjected to
this 1life test were obtained from six (6) capacitor manufacturers.

ER2 V.
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Analysis of the capacitors, that failed, by the capacitor
manuf'acturer revesled that the causes of failure were attributed
to construction techniques that have been improved upon since
these capacitors were manufactured.

Five (5) oapacltorb developed short circuits during the 370

hours test at 125°C ambient. Four (4) of these five (5) capacitors
numbers 2, 19, 30 and 49 in Figure 17 failed within the first

six (6) hours of the test. The fifth capacitor, number 1, failed
between 80 and 140 hours of operation in 125°C ambient.

The majority of the capacitors surviving the 1000 hours 85°C

ambient test exhibited a small increase in capacitance and a small
decrease in dissipation factor is illustrated by the test data in
Table B8. Capacltance and dissipation factor data were not obtained
alter the 370 hour, 125°C ambient test.

Coenclusions

Appreciable size and welght reductions of commutating and load
filter capacitors in static inverters may be realized with the use
cf polycarbonate capacitors instead of paper dielectric capacitors.
These potential reductions are attributed to the smaller dissipation
factor (i.e. power factor) of polycarbonate capacitors.

Polycarbonate capacitor power losses are quite low betwsen excitation
frequencies of 0.4 to 5.0 kilocycles bul increase significantly
between 5.0 and 50.0 kilocycles. In commutation circuits, capacitor
losses may be kept low by reducing resconant freguencies and mapnitudes
Letween inauctive-capacitive components (LG ringing.)

Survival of polycarbenate cpacltors, from five maputacturers, in  the
1000 howur #5°C amblent and 370 hour, 1259 ambient test is encouraging,
This oype perfommance suppests that a smaller valtape derating than
the 5 to 1 from D.C. to A. C. applications for paper capacitors may
be utilized., This voltuge derating for AC applications is done to
prevent, excessive capacitor heating caused by increased capacitor dissi-
palion loases vorsuas frequency.

Recommendations

Life testing of polycarbonate capacitors should be expanded in
quantities of' capacitors, voltage levels and temperature levels and
renswed in an effort to define the relationship of reliability versus

annliad voltace ., valtace wevafoarm oend temnerature
DDA Vo Tage , wollage Woavelorm emper

o vad e
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Additional developmental effort, by capacitor manufacturerg, to
reduce the dissipation factors in the extended frequency range
from 10 to 50 kilocycles should be encouraged so that greater
static inverter efficiencies may be realized.

Radiation effects testing of polycarbonate capacitors should be
accomplished to provide designers of aerospace static inverters
capacitor degradation characteristics from radiation encountered
in the space environment.
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- C - Commutating Capacitor
L - Commutating Reactor
SCR - Silieon Controlled
‘ Rectifier

Analysis Oflz;dperdtiop-fdr’this circuit is based on these 'assumptions:

' 1) ~‘Inductive load current doss not change during the commutation
© interval.

2) . Full load turn-off time is one half that at no load.
3) When capacitor voltage is zero, turn-off interval is over.

The equivalent circuit shown in Figure B is for the condition when SCR2 has
just been triggered into conduction and SCR1 conduction blocked at beginning

of commutating interval. EE
+
W —L
11c
+] 1' LOAD |l
%z = e
-‘——IZ.
Figure B
Writing the voltage equation *for %he loop
E E, = 1 [ "1 (t)at + L _dis(t) where t is turn-off
2 C dt interval )

E, is the charge on capacitor
at start of commutation




: Equationa describin¢>the equivllaa 'circuit, shown.in Figure B,;in;Laplace S

notation ares

E+E+L 1 = Il(ﬂ) + 12(!)1:31'7 o

" 28 28 a0
12(8) = _Il(g) -T".Iov
‘ SRR I

() sgone)

T |
 Combining squation (1) and (2) gives
E+2 L I, = Il(s) (1 + sL)

5 sC

Il(s) =_Eg}+ 2L I,

1+skL
sC
Substituting equation (4) into equation (3) gives

Ec(s) =E - E 2L I,
28 s(1+LCs%) (1+LCs?)

-1
LB (s) = Eg(t) =

where () = 1
LC
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o
(2)

@

(4)

E _ E(1- cos wt) - 2L I.w sin wt (5)
2

when E, = o, turn-off interval is over. Solving for t

EzEcoswt -2L 1 Wsinwt
5 o

(6)°
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At I =o (no load or current that goes through zero at end of half cycle)

E cos Wt = cos Wt = .5 ;wt = n/3

E;
2
= /2w

Using the second assumntion that turn-off (t off) at full load is one

t, t off = n/6w=
half of t, t o n/ o« io

6

Using t off in equation (6) gives

E=Ecos n/6 -2L I, Wsin n/6
2

Substituting 1/ YLC for W
E=E N3 - LI, _ ,
2 2 o = E ¥3 _ IO“_L_
Ve 2 C
0.366 £ = I, {L/C (7)

To determine the capacitance (C), divide equation (7) by t off, which
gives

0.366E = 6 IO
t off nC

C=5.221 +t off
- (8)

Inductance value (L) may be determined by multiplying equation (7) by
t off, which gives

L =0.7E t off (9)

(8) and (9) are minimum steady state source voltage and
o t to be commutated at the and of a half cyele.
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>Capacitance vulnss for circult configurations shown in. Figure A are
- determined by the minimum steady state voltagn-lévels, I, and v orf
, of lﬂicon controlled rectiﬁars listed 1n Tab].q . ,

TABLE I v »
’Silicen Controlled Rectifiers Hinimum Source Voltage Levels -
 Type I, toff 25V 50V 9OV
ST (amps) (usecs) C(ufds) ,
G.E. C-11 6 r 15 L T.5 4.2
. C-55 - 60 20 250 125 €9.0
G.E. Cc-80 ;_; 120 25 ™ S 625 - 313 174 0

Simi;ar agal;mas for circuit configurttions shown in Figurea c and D will

yield !!?gcttance vnluss equivﬁlent to one half the values shown in Table I.‘ﬂ55‘

Figure C Figure D

Capacitance values, in parallel type inverter configurations, shown in Figure
E, are equivalent to one fourth the values of C tabulated in Table I.

SCR) )\ ;iifez
e

i

Figure E
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Values of commutating capacitances selected for the capacitor survey
are 5, 15 and 50 microfarads. Specifications for these capacitors are
contained in this appendix. Selection of these values is based on the
use of multiple series and parallel capacitor networks for half bridge,
full bridge and parallel types of inverters and converters.

Peak recurring capacitor currents are determined as follows.

From energy storage equations

LI

Ip = E JC/L, where E is maximum steady state source voltage

Substituting C and L from equations (8) and (9)

I =2.7 I, E max. for values of C (10a)
P

E min.
I_=1.37 I  E max. for values of c/2 (10b)
P E min.

Peak recurring capacitor currents for the selected capacitance values
are determined from silicon controlled rectifier types, I, and C values
from Table I and are shown in Table II.

TABLE II
Rectifier Voltage Capacitance Capacitor Circuit Ipk
Type Level (ufd) Configuration (amps)
c-11 25-35 15 c 23.1
C-40 50-65 10 C/2 28.5

c-80 90-105 50 C 109
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SPECIF IO

§g_2g-This 9pecifica£ on ie for an induatry survey. of capacitors for
application in 115/200 volt, 3 phase, 400 cps output static inverters

and converters in sp;co enwironmants.

this survuy arez

: ‘o
: 'C.
'< ‘D.

‘B

Vblu-o to capacitanoe ratio
Weight to dapacitance ratio

 Power factor to thermal rssistanée ratio

Volume and weight to energy-storage ratio

~ Cost to enorgyhetorags rltio

gggge of Gaggcigg; Ratings

A.

5 microfarads +20-10% over temperature range

Capacitor No. 1
Peak Voltage 35
Peak Voltage (10Qmsec. D.C. Voltage 52
Transient)
Peak Current Amperes at D.C. Working 4.6
Voltage
Peak Current and Voltage Waveforms Fig. Al
Peak Current Amperes (100 msec. D.C.
Voltege Transient) 6.85

15 microfarads +20-10% over temperature range

Capacitor No. 1

Peak Voltage 35

Peak Voltage (100 msec. D.C. Voltage 52
Transient)

Peak Current Amperes at D.C. Working 13.8
Voltage

Peak Current and Voltage Waveforms Fig. Al

Peak Current Amperes (100 msec. D.C.
Voltage Transients) 20.5

2

65
97

8.6
Fig. Al

12'8

2

65
97

26
Fig. Al

38.4

The criteria to be used in

105
157

11
Fig. Al

15.1

105
157

33
Fig. Al

49.3
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" Peak: Yoltcgo o 65. 105, -
Peak Voltage " (100 msec. D C Voltage S os2 9T -1857
. ‘Transient) R
Peak Gurrent. Ampere=at D C working S 46 - 26 110
- volme o , L - o
" Pesk Cirrent and oltage Waveforms | Fig. Al Fig. Al Fig. ,.n..
 Peak Current Amperés (100 msec. DS, 68 129 . [165.0.

Vbltage Transient)

T"Vbndor to recommond optinum size and waight

"fpropqsed eapacit(nce valne and voltege rating., E

Ambient ngpgrature--'”—SS‘to +85°C heat sink ambient with & maximm =
of 125°C capacitor hot spot temperature.

Method of Cepacitor Power Loss Tmsfer--Conduction through mounting

isurface to heat sin} ambient.

Construction-—Hermetically sealed. Capacitor to be subjéctéd to 0.25
atmosphere within equipment enclosure during optional life.

Shock--Capacitor is to withstand three 35 g shocks in each direction

along the major axes. The applied shocks are half sine waves of 0.008
second duration.

Vibration--While energized, capacitor is to withstand the following
sinusoidal vibration requirements:

Frequency Force or Displacement
5=20 0.3 inches D.A.
20-100 5¢g's
100-500 10 g's
500-2000 15 g's

Duration of the epplied vibrational forces is four 15-minute logrithmic
sweeps from 5-2000-5 cps at the specified levels and 10-minute dwells
at each resonant frequency found during the sweeps.
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R p--Cap nor shdl have & tolerance: to the following integrated
ndiat.ion doaqd vithout mlmnction: S

A. 5% 10121m l"ut Ioutrons/om

B. 5x 107 B.ADS (Gurbon) Gamma Rays

al Life Objsctiv -Energized for 3 years continuously while
exposed to. th‘ rsdittion 1isted in 9 above and 85°C heat sink tempera—
tun Clp&citdr to ronlin )lithin oapacitanoe tolerance. .

0

10.
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FIGURE A-1

PEAK CURRENT AND VOLTAGE WAVEFORMS

74.5 microseconds
1256 microseconds

FIGURE A-1 T1
T2

~Report No. 3635@.1“31-5 o
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Capacitance and Dissipation Factor Test Data

Data contained in Tables Bl through B3 were obtained by bridge
measurements and calorimeter data ir 25°C ambient with sinusoidal
voltage waveforms.

Data contained in Tables B4 through B6 were obtained by bridge
measurements over the temperature range of -55°C to +850C and
frequency range from 0.4 to 10.0 kilocycles. Electrolytic capacitor
test data contained in Table B7 were obtained by bridge measurements
over the temperaturs range from -55°C to +859C and 120 to 1200 cps
frequency range.

Life test capacitor data contained in Table B8 were obtained by

bridge measurements before and after the 1000 hour test in 85°C ambient.
These data were taken in 25°C ambient with a test frequency of 1
kilocycls. ‘

An example of the dissipation factor corrections applied to the
bridge data is given below:

From Table Al, capacitor No. 1A, the dissipation factor as

determined from the bridge data at 10 kilocycles is 1.110%.
As measured with the calorimeter, the dissipation factor at
10 kilocycles is 0.975%.

By ratio of the bridge data of the dissipation factor for

capacitor number 1B and 1A, the corrected dissipation factor
for capacitor 1B at 10 kilocycles is:

-958% -
1.110% x .975 = -840%
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